The yeast aquaglyceroporin Fps1p is a bidirectional arsenite channel  by Maciaszczyk-Dziubinska, Ewa et al.
FEBS Letters 584 (2010) 726–732journal homepage: www.FEBSLetters .orgThe yeast aquaglyceroporin Fps1p is a bidirectional arsenite channel
Ewa Maciaszczyk-Dziubinska a, Iwona Migdal a, Magdalena Migocka b, Tomasz Bocer a, Robert Wysocki a,*
a Institute of Genetics and Microbiology, University of Wroclaw, 51-148 Wroclaw, Poland
b Institute of Plant Biology, University of Wroclaw, 50-328 Wroclaw, Poland
a r t i c l e i n f oArticle history:
Received 23 September 2009
Revised 12 December 2009
Accepted 17 December 2009
Available online 22 December 2009






Saccharomyces cerevisiae0014-5793/$36.00  2009 Federation of European Bio
doi:10.1016/j.febslet.2009.12.027
* Corresponding author. Address: Institute of Gen
versity of Wroclaw, Przybyszewskiego 63/77, 51-148
3252151.
E-mail address: wysocki@microb.uni.wroc.pl (R. Wa b s t r a c t
The stress-activated kinase Hog1p mediates arsenic tolerance by decreasing arsenite inﬂux through
the aquaglyceroporin Fps1p in Saccharomyces cerevisiae. Unexpectedly, we found that overexpres-
sion of FPS1 increased arsenite tolerance suggesting a physiological role of Fps1p in arsenic detox-
iﬁcation. Consistently, during arsenite treatment transcription of FPS1 gene was strongly
upregulated, while Fps1p was not degraded and remained localized to the plasma membrane. More-
over, deletion of FPS1 gene resulted in arsenate sensitivity. Finally, transport experiments revealed
that Fps1p in concert with the arsenite transporter Acr3p mediates arsenite efﬂux.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Arsenic is a toxic metalloid found commonly in the environ-
ment, usually in the inorganic form of arsenite [As(III)] or arsenate
[As(V)]. Thus, pathways for arsenic detoxiﬁcation have been iden-
tiﬁed in all organisms investigated [1]. In recent years, these stud-
ies have attracted much attention as arsenic is successfully used as
a treatment of acute promyelocytic leukemia and may be included
in therapies of other cancers in the near future [2].
The yeast Saccharomyces cerevisiae is an excellent eukaryotic
model to investigate metalloid resistance phenomenon. As(V) en-
ters the yeast cell through the phosphate transporters [3]. Next,
the arsenate reductase Acr2p converts As(V) to As(III) [4], which
is exported from the cytoplasm out of the cell by the arsenite per-
mease Acr3p or in the form of glutathione conjugates to the vacu-
ole by the ABC transporter Ycf1p [5,6]. Uptake of As(III) involves
the aquaglyceroporin Fps1p [7] and hexose permeases [8].
The yeast mutants lacking proteins involved in accumulation
and efﬂux of arsenic has been successfully used to identify and
characterize aquaglyceroporins mediating transport of As(III) in
mammals [9] and plants [10,11]. A crucial role of aquaglyceropo-
rins in metalloid homeostasis has been also shown in bacteria
[12], Leishmania [13] and crop species [14]. However, some aqua-
glyceroporins are bidirectional channels and it has been reportedchemical Societies. Published by E
etics and Microbiology, Uni-
Wroclaw, Poland. Fax: +48 71
ysocki).that the aquaglyceroporin AqpS in the legume symbiont Sinorhizo-
bium meliloti plays a physiological role in detoxiﬁcation of reduced
arsenic during As(V) poisoning [15].
Although, proteins responsible for metalloid uptake and detox-
iﬁcation in yeast are known for a long time, little is known about
mechanisms regulating these transport pathways. It has recently
been shown that the stress-activated kinase Hog1p mediates met-
alloid tolerance by decreasing arsenic accumulation [16] and pro-
moting recovery from arsenic-induced G1 cell cycle arrest [17].
Hog1p phoshorylates Fps1p and this affects Fps1p transport activ-
ity by yet unknown mechanism [16].
The initial aim of this study was to identify targets of Hog1p ki-
nase mediating adaptation to arsenic stress, including regulation of
arsenic transport or/and cell cycle checkpoints. Genetic screening
for multicopy suppressors of arsenic sensitivity caused by HOG1
deletion revealed that ampliﬁcation of FPS1 gene confers high-level
resistance to As(III) suggesting that Fps1p plays an active role in ar-
senic detoxiﬁcation.2. Materials and methods
2.1. Yeast strains, plasmids and growth conditions
Yeast strains and plasmid used in this study are listed in Supple-
mentary data (SD) Table 1. Growth assays in the presence of
sodium arsenite [As(III)], sodium arsenate [As(V)], potassium
antimonyl tartrate [Sb(III)] were carried out as previously
described [7].lsevier B.V. All rights reserved.
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A multicopy plasmid-based yeast genomic library was used to
transform the hog1D mutant. Cells were plated on selective syn-
thetic minimal medium lacking uracil. Next, the Ura+ transfor-
mants were replica-plated on the same medium with addition of
1 mM As(III). Total DNA prepared from As(III)-resistant yeast colo-
nies was used to transform Escherichia coli to obtain plasmid DNA
for sequencing and retransformation of hog1D cells to conﬁrm
plasmid ability to confer resistance to As(III).
2.3. RNA extraction and reverse transcription
Total RNA was isolated from exponentially growing cells (in
selective synthetic minimal medium) that were left untreated or
exposed to 1 mM As(III) using RNeasyMini Kit (Qiagen). Subse-
quently 3 lg of RNA were treated with DNaseI (RNase-Free, Fer-
mentas) following manufacturer’s instruction. The absence of
genomic DNA was veriﬁed by PCR using speciﬁc primers for the
FPS1 gene: FRT-FPS1 (50-CGGTAGTGCTGTTGTTTGTC-30) and RRT-
FPS1 (50-TACCACCAGCGCAGAAATAG-30). Reverse transcription
was performed with 1.5 lg of puriﬁed RNA using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) according
to manufacturer’s instruction. The resulted cDNA was veriﬁed by
PCR using the primers for the FPS1 gene.
2.4. Quantitative PCR
Real-time ampliﬁcation was performed in LightCycler (Roche
Diagnostics) with the RealTime 2xPCRMaster Mix SYBR kit (A&A
Biotechnology) according to manufacturer’s instructions using
1 ll of cDNA and the primers: FRT-FPS1 and RRT-FPS1, in a total
volume of 10 ll. The following conditions of ampliﬁcations were
applied: 1 min at 95 C; 45 cycles of 10 s at 95 C, 10 s at 55 C
and 15 s at 72 C. The general quality assessment of the PCR results
was based on the ampliﬁcation and melting curve proﬁle of the
samples in relation to the assay controls (non-template controls).
Melting curve analysis was performed to conﬁrm the speciﬁc
amplicon and to identify putative unspeciﬁc PCR products (e.g.,
primer dimers). Successive dilutions of one sample (0-min time-
point) were used as a standard curve. Ampliﬁcation efﬁciency
was around 2. All results were standardized using the housekeep-
ing gene IPP1, encoding for inorganic pyrophosphatase, with the
following primers: IPP1F (50-CTTTATTGGATGAAGGTGA-30) and
IPP1R (50-TTAATTGTTTCCAGGAGTC-30). For each of the RNA extrac-
tions, measurements of gene expression were obtained in tripli-
cate, and the mean of these values was used for further analysis.
2.5. Cell extracts and immunoblotting
Total protein extracts were separated by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis and blotted onto nitrocel-
lulose ﬁlters (Bio-Rad). Fps1p tagged with green ﬂuorescent
protein (GFP) was detected with an anti-GFP antibody (Santa Cruz
Biotechnology). An anti-PSTAIRE antibody (Santa Cruz Biotechnol-
ogy) was used to detect total cyclin-dependent kinase Cdc28p as a
protein loading control.
2.6. Transport assays
Arsenic transport experiments were performed essentially as
described previously [16]. Brieﬂy, exponentially growing cells (in
selective synthetic minimal medium) were exposed to 1 mM As(III)
and collected at 10-min or 20-min intervals to measure As(III) up-
take or treated with 1 mM As(III) or 5 mM As(V) for 60 min,
washed to remove arsenic from the medium, and resuspended infresh medium to determine arsenic efﬂux. Collected culture sam-
ples from both uptake and efﬂux experiments were washed in
ice-cold water and centrifuged. The cell pellet was resuspended
in water, boiled for 10 min, and centrifuged to collect the superna-
tant. The arsenic content of each sample was determined using a
ﬂame atomic absorption spectrometer (3300, Perkin–Elmer) and
further conﬁrmed by a graphite furnace atomic absorption spec-
trometer (SIMAA 6000, Perkin–Elmer-Cetus).
2.7. Fluorescence microscopy
Distribution of GFP-tagged Fps1p in living yeast cells exposed to
1 mM As(III) was examined with an Axio Imager M1 upright wide-
ﬁeld ﬂuorescence microscope (Carl Zeiss, Germany) equipped with
an illuminator (Zeiss HBO 100), a 100 oil immersion objective
(Zeiss Plan-Neoﬂuar 100/1.30), and a GFP ﬁlter set. Images were
collected using a Zeiss AxioCam MRc digital colour camera and
processed with Zeiss AxioVision 4.5 software.3. Results
3.1. Overexpression of FPS1 complements metalloid sensitivity of
mutants involved in arsenic detoxiﬁcation
We have previously shown that the MAP kinase Hog1p contrib-
utes to arsenic tolerance by downregulating As(III) uptake via the
aquaglyceroporin Fps1p [16] and by promoting adaptation to met-
alloid-induced cell cycle arrest in G1 [17]. However, little is known
about speciﬁc targets of Hog1p mediating arsenic tolerance in
yeast. To identify new components of metalloid stress–response,
we screened the yeast genomic library constructed on the multi-
copy plasmid pFL44L for genes able to complement arsenic sensi-
tivity of hog1D when overexpressed. We managed to isolate two
plasmids named pES1 and pES2 conferring resistance to As(III) in
hog1D cells. Analysis of nucleotide sequence of yeast DNA inserts
located on pES1 and pES2 revealed that both plasmids contained
a region of chromosome XII with FPS1, ATG10 and SDH2 genes
(Fig. 1A).
Having a well-established role of Fps1p in metalloid tolerance,
we hypothesized that the presence of multiple copies of FPS1 gene
was responsible for the observed phenotype. Thus, we transformed
both wild-type and hog1D cells with plasmids pFL44L (control),
pES1, pES2, and the YEpFPS1 with the subcloned FPS1 gene only.
Next, the growth of resulting transformants was scored in the pres-
ence of various metalloid salts. Both wild-type and hog1D cells
expressing FPS1 from either pES plasmids or YEpFPS1 were more
tolerant to As(III) and Sb(III), but not to As(V) (Fig. 1B). Based on
the minimal inhibitory concentration (MIC), overexpression of
FPS1 led to 5-fold increase in As(III) tolerance in both wild-type
and hog1D cells (SD Table 2).
In addition, the presence of the FPS1 gene on a multicopy plas-
mid increased tolerance to As(III) above wild-type level in the
ycf1D mutant lacking the vacuolar pump for As(III) conjugated to
glutathione (Fig. 2 and SD Table 2). The Sb(III) sensitivity pheno-
type of ycf1D cells was also fully complemented by YEpFPS1 plas-
mid (data not shown). In contrast, overexpression of FPS1 only
partially complemented As(III) sensitivity of acr3D which lacks
the plasma membrane As(III) transporter (Fig. 2 and SD Table 2).
Interestingly, the presence of multiple copies of FPS1 led to maxi-
mal level of As(III) resistance, which is comparable with overex-
pression of ACR3, only in the background of wild-type ACR3 gene
(Fig. 2 and SD Table 2). We conclude that overexpression of FPS1
confers high-level resistance to trivalent metalloid salts suggesting
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Fig. 1. FPS1 is a multicopy suppressor of As(III) sensitivity of HOG1 deletion. (A) A schematic map of yeast DNA inserts in pES1, pES2, and YEpFPS1 plasmids used for
complementation of As(III) sensitivity in hog1D. (B) The hog1D mutant (YSH444) and wild-type strain (W303-1A) were transformed with the following plasmids: pFL44L
(control vector), pES1, pES2, or YEpFPS1. Cultures of resulting transformants were serially diluted and plated on selective synthetic minimal media containing various
concentrations of metalloids. Plates were photographed after 3 days at 30 C.
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We have previously shown that Fps1p is a major route for As(III)
accumulation [7]. Thus, deletion of FPS1 leads to high-level resis-
tance to metalloids and expression of FPS1 is rapidly downregu-
lated within 15 min upon addition of As(III) and Sb(III) to
medium [7]. However, we have observed increase of FPS1 mRNA
level after 2 h of incubation with metalloids [7]. This prompted
us to reexamine transcription kinetics of FPS1 expressed from both
the chromosome and the multicopy plasmid during longer expo-
sure to As(III) by quantitative PCR (Fig. 3A). In agreement with
our previous results [7], level of FPS1 transcript indeed signiﬁcantly
decreased within 1 h from addition of As(III). However, at later
time-points we observed 3-fold increase of FPS1 mRNA. Impor-
tantly, the chromosomal- and the plasmid-located FPS1 showed
similar kinetics of transcription. Based on these results, we hypoth-
esized that in response to As(III) addition Fps1p is downregulated
to prevent As(III) uptake but when arsenic poisoning persists Fps1p
might be used for As(III) efﬂux.
3.3. Fps1p is not degraded and remains at the plasma membrane
during arsenic stress
It has recently been reported that Fps1p is regulated by Hog1p-
mediated phosphorylation in response to metalloid and acetic acid
stress [16,18]. We have proposed that arsenite-activated Hog1p re-
duces uptake of As(III) by negatively affecting transport properties
of Fps1p [16]. In contrast, Mollapour and Piper [18] have demon-strated that upon exposure to toxic levels of acetic acid the whole
plasma membrane fraction of Fps1p-GFP is rapidly endocytosed
and degraded in Hog1-dependent manner to prevent accumulation
of acetic acid in the cytoplasm. Moreover, the manganese trans-
porter Smf1p and the zinc transporter Zrt1p are ubiquitinated for
endocytosis and degradation in the vacuole to prevent cadmium
uptake [19,20]. Thus, we investigated level and cellular localization
of Fps1p during arsenic stress. Western blot analysis (Fig. 3B) and
ﬂuorescence microscopy (Fig. 3C) showed that GFP-tagged Fps1p
was not degraded and remained at the plasma membrane during
the course of 4 h exposure to 1 mM As(III). After 6 h we observed
some decrease of Fps1 protein level and the internalization of frac-
tion of Fps1-GFP. However, such decrease of Fps1p level seemed to
be compensated by the signiﬁcant upregulation of the FPS1 gene
transcription at this time-point (Fig. 3A). The persistent presence
of Fps1p at the plasma membrane support our hypothesis that
Fps1p may contribute to As(III) export. However, activity of Fps1p
located at the plasma membrane may be still regulated negatively
at the level of post-transcriptional modiﬁcations, for example by
Hog1p-mediated phosphorylation [16].
3.4. Fps1p mediates export of arsenic out of the cell
To test involvement of Fps1p in arsenic detoxiﬁcation, we per-
formed measurements of arsenic transport in wild-type and acr3D
cells transformed with either empty plasmid or multicopies of the
FPS1 gene. First, we investigated uptake of As(III) as it was shown
earlier that the rate of metalloid accumulation correlates with the
Control 1.5 mM As(IIl) 5 mM As(V)
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Overexpressed
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Fig. 2. Mutants lacking arsenic transporters Acr3p and Ycf1p are more tolerant to arsenic when FPS1 is overexpressed. Wild-type (W303-1A), acr3D (RW104) and ycf1D
(RW118) single mutants, and an acr3D ycf1D (RW105) double mutant were transformed with multicopy plasmids expressing ACR3 (pA103) or FPS1 (YEpFPS1) or with an
empty vector (YEplac195) for control. Growth was monitored after 3 days at 30 C.
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Overexpression of FPS1 had a minor effect on As(III) transport in
wild-type cells as the FPS1 action is probably masked by ongoing
export of As(III) via Acr3p (Fig. 4A). However, the presence of mul-
tiple copies of FPS1 signiﬁcantly decreased As(III) accumulation in
the acr3D mutant, which lacks the As(III) transporter and other-
wise shows high levels of As(III) uptake comparing to wild-type
cells (Fig. 4A). Ability of Fps1p to facilitate As(III) export was fur-
ther demonstrated in efﬂux experiment (Fig. 4B). The acr3D mu-
tant overexpressing FPS1 rapidly reduced the intracellular As(III)
content. However, we did not observe efﬂux of As(III) in the acr3D
mutant expressing the chromosomal copy of FPS1 within 2 h after
As(III) release (Fig. 4B). We hypothesized that in this strain activity
of Fps1p as As(III) exporter may be evident at later time-points. In-
deed, the intracellular level of As(III) in acr3D was signiﬁcantly re-
duced within 4–8 h from release (Fig. 4C). Importantly, the triple
acr3D ycf1D fps1D mutant lacking three major routes for As(III)
detoxiﬁcation exhibited complete loss of As(III) export. The aqua-
glyceroporin Fps1p is a passive diffusion channel; thus, a physio-
logical importance of Fps1p as an export channel for As(III)
might be apparent during exposure to As(V) when the arsenate
reductase Acr2 converts As(V) to As(III), which is the only form
of arsenic recognized by any metalloid detoxiﬁcation transportsystem [1,4]. Wild-type, the single acr3D and fps1D mutants as
well as the triple acr3D ycf1D fps1D mutant were loaded with
5 mM As(V) for 1 h and then released in fresh medium. Both acr3D
and fps1Dmutants showed lower rate of arsenic extrusion compar-
ing to wild-type cells (Fig. 4D). Consistently, the triple acr3D ycf1D
fps1D mutant showed little arsenic efﬂux, while overexpression of
FPS1 rapidly reduced the intracellular concentration of arsenic. Our
transport data clearly indicates that Fps1p is able to mediate efﬂux
of As(III) and both the aquaglyceroporin Fps1p and the arsenite
permease Acr3p equally contribute to arsenic efﬂux during expo-
sure to As(V).
3.5. Fps1p renders yeast cells resistant to As(V)
To conﬁrm a physiological relevance of Fps1p as the arsenite ex-
porter, we performed a growth assay of wild-type, fps1D and acr3D
ycf1D fps1D strains containing an empty vector (YCplac133),
centromeric (YCpFPS1) and multicopy (YEpFPS1) plasmids bearing
the wild-type FPS1 gene as well as the YEpfps1-D1 multicopy
plasmid expressing the hyperactive Fps1 protein in the presence
of various concentrations of As(III) and As(V) (Fig. 5). In agreement
with our previous results [7,16], deletion of FPS1 resulted in in-
creased resistance to As(III) and decreased resistance to As(V). This
C 1 mM As(III) stress 
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Fig. 3. Expression of Fps1 during long-term As(III) stress. (A) Level of FPS1 mRNA is increased after exposure to As(III). Exponentially growing wild-type (W303-1A) cells
containing an empty plasmid (YEplac195) or the multicopy plasmid expressing FPS1 (YEpFPS1) were exposed to 1 mM As(III) and level of FPS1 mRNA was determined by
quantitative PCR. (B and C) Fps1-GFP is not degraded and remains localized to the plasma membrane in response to As(III) addition. The wild-type yeast cells expressing GFP-
tagged Fps1p from the native promoter and locus (EM100), and therefore showing wild-type phenotype (data not shown), were exposed to 1 mM As(III) and analyzed by
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WT + vector
acr3Δ + vector
acr3Δ ycf1Δ fps1Δ + vector
acr3Δ ycf1Δ fps1Δ + YEpFPS1
fps1Δ + vector
Fig. 4. Fps1p promotes extrusion of As(III) out of yeast cells. (A) As(III) accumulation in presented yeast transformants was determined after addition of 1 mM As(III) to the
cultures at the indicated time-points. (B and C) To measure As(III) export, indicated yeast transformants were ﬁrst exposed to 1 mM As(III) for 1 h, washed, and released in
arsenic-free medium. First sample was collected immediately after washing (0-min time-point) and the amount of intracellular arsenic at 0 min was set to 1. (D) Arsenic
efﬂux was also assayed in yeast transformants after 1 h exposure to 5 mM As(V). The data shown represents the average of at least three independent experiments and the
error bars represent the standard deviation.
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Control       0.025 mM As(III)  0.05 mM As(V)   
acr3Δ ycf1Δ fps1Δ+ YEpFPS1
acr3Δ ycf1Δ fps1Δ+ YCpFPS1
acr3Δ ycf1Δ fps1Δ+ YEp-fps1-Δ1
acr3Δ ycf1Δ fps1Δ+  vector
acr3Δ ycf1Δ+ vector
Fig. 5. Fps1p has a physiological role in mediating As(V) tolerance. The indicated yeast transformants were serially diluted and plated on selective synthetic minimal media
containing various concentrations of As(III) and As(V). Growth was recorded after 3 days at 30 C.
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tromeric plasmid, while overexpression of FPS1 caused intermedi-
ate level of As(III) resistance (Fig. 5). Moreover, deletion of FPS1 in
the acr3D ycf1D background elevated sensitivity to As(V). Results
of this growth assay are consistent with our transport data sup-
porting together our model that Fps1 is involved in arsenic detox-
iﬁcation, especially during As(V) poisoning. Interestingly,
overexpression of the fps1-D1 allele encoding Fps1p lacking amino
acids 13–230 of the hydrophilic N-terminal tail sensitized yeast
cells to As(III), as previously shown [7,16], but complemented
As(V) sensitivity of fps1D as well as the wild-type Fps1p and signif-
icantly improved the growth of the triple acr3D ycf1D fps1D mu-
tant in the presence of As(V) (Fig. 5). Fps1-D1 protein lacks a
conserved MAPK phosphorylation site at threonine 231, which is
essential for negative regulation of its transport activities
[16,21,22]. Deletion of N-terminal domain or the T231A point
mutation in Fps1p renders yeast cells hypersensitive to As(III)
and Sb(III) due to unregulated inﬂux of metalloids [7,16]. Here,
we showed that expression of hyperactive Fps1-D1 transporter im-
proves yeast growth in the presence of As(V) probably due to
undisturbed diffusion of As(III) via the Fps1p channel down the
concentration gradient. Thus, the hydrophilic N-terminal tail of
Fps1 is necessary to inhibit As(III) uptake but dispensable for efﬂux
of As(III) formed by As(V) reduction.
4. Discussion
The aquaglyceroporins from bacteria to mammals mediate
accumulation of metalloids [7,9–14]. However, increasing body of
evidence indicates the involvement of aquaglyceroporins in arsenic
extrusion out of cells. The aquaglyceroporin AqpS from the legume
symbiont S. meliloti has been shown to have a physiological role in
mediating efﬂux of As(III), which was generated by reduction of
As(V) in the cytoplasm [15]. However, AqpS is not able to facilitate
As(III) transport against the concentration gradient. Thus, the pres-
ence of this aquaglyceroporin confers only resistance to As(V),
while deletion of aqpS gene results in As(III) resistance [15]. Fur-
thermore, several members of the Nodulin26-like Intrinsic Protein
(NIP) subfamily of plant aquaporins have been shown to be a bidi-
rectional metalloid channels when expressed in yeast [10]. It was
proposed that similarly to the aquaglyceroporin AqpS, a physiolog-
ical role of NIP aquaporins in plants might be export of arsenic dur-
ing As(V) poisoning [10]. Based on our previous data, Bienert et al.[23] hypothesized that Fps1p might be also a bidirectional metal-
loid channel. During preparation of this manuscript, it has been re-
ported that human aquaglyceroporin-9 expressed in Xenopus leavis
oocytes facilitate efﬂux of pentavalent methylated arsenic species
[24], while the AQP9-null mice are more sensitive to As(III) poison-
ing, accumulate more arsenic in tissues and show decreased ar-
senic clearance of various arsenic species in the feces and urine
suggesting a crucial role of aquaporins in arsenic detoxiﬁcation
in mammals [25].
Here, we showed that the yeast aquaglyceroporin Fps1p facili-
tates extrusion of As(III) out of the cells and is essential to maintain
As(V) tolerance. Based on our transport and growth data, we sug-
gest that both Fps1p and Acr3p contribute to efﬂux of As(III) pro-
duced by the arsenate reductase Acr2p when cells are exposed to
As(V). It has been recently proposed that in the cytoplasm As(III)
may be present in two forms as a neutral As(OH)3 species and arse-
nite anion As(OH)2O, which would be substrates for the aqua-
glyceroporin and the Acr3-like uniporter, respectively [26]. Thus,
in our proposed model As(V) enters yeast cell via the phosphate
transporters and after reduction to As(III) by Acr2p diffuses via
the Fps1 channel down the concentration gradient as As(OH)3 or
is actively extruded by Acr3p in the form of As(OH)2O anion. Curi-
ously, overexpression of FPS1 does not confer increased resistance
to As(V). In the case of As(V) resistance, however, the rate-limiting
step seems to be reduction of As(V) to As(III), which serves as a
substrate for efﬂux transporters. This is why overexpression of
ACR3 confers arsenate resistance only when the arsenate reductase
gene ACR2 is simultaneously expressed from the same multicopy
plasmid [27].
In contrast to As(V), upon addition of As(III) to the medium,
Fps1p facilitates diffusion of As(III) into the cell [7]. We have pre-
viously shown that in response to As(III) activity of Fps1 is down-
regulated in Hog1-dependent way; thus the hog1D mutant and
Fps1-D1 and Fps1-T231A mutants lacking MAP kinase phosphory-
lation site show similar As(III) sensitivity and increased uptake
within 60 min after As(III) addition [16]. Here, we showed that
the role of Fps1p in As(III) efﬂux in the acr3D mutant is apparent
after 2 h from As(III) exposure suggesting release of negative regu-
lation of Fps1p activity at this time. Consistently, Hog1 is activated
within 15 min upon As(III) and remains phosphorylated up to 2–
3 h, while the HOG signaling pathway is not induced by As(V)
[16, Sloma, I. andWysocki, R.: unpublished results]. Ability of over-
expressed FPS1 to confer high-level resistance to As(III) in wild-
732 E. Maciaszczyk-Dziubinska et al. / FEBS Letters 584 (2010) 726–732type and hog1D may indicate either escape of Fps1p excess from
normal post-transcriptional regulation or simply elevated extru-
sion of As(OH)3 which is not recognized by Acr3p. It is possible that
at the certain time more As(III) in the form of As(OH)3 might be
present inside the cell than in the medium and this would allow
As(III) export via Fps1p down the concentration gradient. For in-
stance, it has been shown that in response to As(III) yeast extrude
glutathione to bind As(III) outside the cell and resulting As(GS)3
complexes are not accumulated by cells [Thorsen, M., Jacobson,
T., Vooijs, R., Schat, H., and Tamás, M.J.: unpublished data]. In this
way, concentration of As(OH)3 might be signiﬁcantly lowered out-
side the cell to allow efﬂux via Fps1p.
Considering the fact that some eukaryotes lack speciﬁc Acr3-
like arsenite efﬂux transporters but contain the arsenate reductase
Acr2 homologues and bidirectional metalloid aquaporins, and are
primarily exposed to As(V) like plants Arabidopsis thaliana and
Oryza sativa [10,28,29], it is tempting to speculate that aquaglycer-
oporins constitute the major arsenic detoxiﬁcation pathway in
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